Introduction {#s001}
============

T[he oral mucosa]{.smallcaps} forms the protective barrier of the oral cavity against harmful environmental influences (e.g., pathogens, chemicals, constant abrasion).^[@B1]^ To study the barrier properties of human oral mucosa, *in vitro* 3D organotypic cultures resembling the native tissue can be constructed from keratinocytes and fibroblasts isolated from biopsies.^[@B2]^ However, the availability of primary human oral tissue for research is very limited, biopsies are small, and, due to the origin of the material, it is often infected. Furthermore, once isolated, the primary cells enter senescence after only a small number of passages. The use of physiologically relevant immortalized cell lines, which maintain the properties of their primary cell counterpart, would overcome these problems. This would make larger scale experiments possible with organotypic oral mucosa models. Furthermore, the use of human cell line models complies with EU regulations, which encourage replacement, reduction, and refinement of animal models (EU Directive 2010/63/EU). Therefore, organotypic 3D models constructed from cell lines are required to investigate oral mucosa biology and can also be used as an animal alternative for drug targeting, vaccination studies, microbial biofilm studies, and testing new therapeutics. In this study, we developed a full-thickness oral gingiva equivalent (GE) constructed entirely from immortalized cell lines, which closely resembles the histology of the native tissue, to test its ability to close a full-thickness wound *in vitro*.

When developing a GE, it is important to take the characteristics of the native tissue into account. The stratified squamous epithelium of the gingiva is mainly composed of KC and is responsible for creating and maintaining a barrier with the outside environment.^[@B1],[@B8]^ The different stages in terminal differentiation of KC in a GE from the basal layer to the outermost layers can be visualized by differential keratin expression. Keratins are important structural proteins, which not only give mechanical stability but are also involved in cell signaling, transport, and differentiation of keratinocytes.^[@B8],[@B9]^ The expression of keratin 10 and 13 (K10 and K13) indicates the presence of differentiated mucosal KC and the formation of a functional barrier.^[@B3],[@B9]^ The epithelium is supported by the lamina propria, connective tissue that consists predominantly of extracellular matrix (ECM). The epithelium and lamina propria connect through the basement membrane. Important proteins within the basement membrane are laminin 5 and collagen type IV.^[@B10]^ Fibroblasts are located in the lamina propria where they maintain the ECM and interact, through soluble mediators, with KC and immune cells to coordinate tissue repair and immune reactions.^[@B11],[@B12]^ Upon wounding, an innate immune response is triggered to initiate wound closure and mediate the infiltration of immune cells to counteract infection. As in skin, (pro-) inflammatory cytokines (e.g., TNF-α, IL-1α, and IL-6) and chemokines (e.g., CXCL8, CCL2, CCL5, and CCL20) are secreted upon tissue injury.^[@B4]^ KC proliferate and migrate from the wound edge, differentiate, and ultimately reepithelialize the wound.^[@B12]^ Fibroblast migration and tissue remodeling follow to restore tissue integrity. In this study, we aimed to reproduce this complex tissue architecture of native gingiva in a GE model.

Previously, we have described skin and gingiva models consisting of a reconstructed epithelium on a fibroblast-populated connective tissue matrix constructed from primary cells, and recently we have described a skin equivalent (SE) model constructed from TERT-immortalized skin keratinocyte and fibroblast cell lines.^[@B3],[@B5],[@B13],[@B14]^ The importance of using tissue-specific cells when making tissue equivalents is emphasized in our recent study describing different histology and cytokine release from SE and GE.^[@B4]^ This is further illustrated by the extensive review of Sriram *et al.*, which discusses the heterogeneity of fibroblasts and the unique phenotype of oral mucosal fibroblasts and their potential role in wound healing.^[@B15]^ Therefore, to create functional GE (immortalized), tissue-specific cells must be used. To our knowledge, there is only one report combining immortalized human oral KC with immortalized human oral fibroblasts for the establishment of an organotypic model.^[@B16]^ These GE were made with HPV-immortalized cells, which lacked a well-defined differentiated epithelium. This has previously been reported to be a preneoplastic characteristic of HPV-immortalized cells.^[@B17]^ Immortalized human oral KC and fibroblasts have been used for *in vitro* studies on biocompatibility, cancer, and microbiome interaction.^[@B18],[@B21],[@B22]^ Both HPV and TERT-immortalized human oral KC have been described. With regards to TERT-immortalized oral keratinocytes, mainly the OKF6 cell line originating from the floor of the mouth has been used.^[@B23]^ The human gingiva cell line used in our study, OKG4/bmi1/TERT (further referred to as KC-TERT), was immortalized by the same research group (Rheinwald Laboratory). This cell line has previously been described to reduce wound contraction and promote confluent epithelial coverage in a mouse model when seeded in a collagen--glycosaminoglycan matrix.^[@B24]^ The second gingiva KC cell line investigated in our study was immortalized with human papillomavirus type 16 (University Medical Center Freiburg) and is referred to in our study as KC-HPV.^[@B25]^ The fibroblast cell line used in our study was a human gingiva TERT-immortalized fibroblast cell line (T0026; available from ABM) and is further referred to as Fib-TERT.

In this study, organotypic GE models, constructed from either TERT- or HPV-immortalized human gingiva KC and gingiva fibroblasts, were compared to GE constructed from primary cells with regard to tissue architecture and their ability to secrete (pro-)inflammatory cytokines. Henceforth, the physiological relevance of GE constructed with TERT-immortalized gingiva cell lines was further tested in an *in vitro* wound healing experiment.

Materials and Methods {#s002}
=====================

Cell isolation and culture of primary human gingiva keratinocytes and fibroblasts. {#s003}
----------------------------------------------------------------------------------

Healthy human gingiva tissue was used in an anonymous manner in accordance with the "Code for Proper Use of Human Tissues" as formulated by the Dutch Federation of Medical Scientific Organizations ([www.fmwv.nl](www.fmwv.nl)). Primary gingiva KC and fibroblasts were isolated as previously described for skin.^[@B26]^ In short, after overnight digestion in dispase II (Sigma-Aldrich) to separate the epithelial sheet from the lamina propria, gingiva KC (KC-Prim) were isolated from the epithelium with 0.05% trypsin/EDTA (Gibco) solution. KC were cultured in KC medium consisting of DMEM/Ham\'s F12 (3/1) (Gibco), supplemented with 5% Fetal Clone III (GE), 1% penicillin--streptomycin (Gibco), 1 μM hydrocortisone (Sigma-Aldrich), 0.1 μM insulin (Sigma-Aldrich), 1 μM isoproterenol (Sigma-Aldrich), and 1 ng/mL epidermal growth factor (EGF) (Sigma-Aldrich). KC-Prim were used until the third passage. Gingival fibroblasts (Fib-Prim) were isolated from the lamina propria by incubation in a collagenase type II (Gibco) solution and cultured in fibroblast medium consisting of DMEM, supplemented with 5% Fetal Clone III and 1% penicillin--streptomycin. The Fib-Prim were used between passage 3 and 4.

Culture of immortalized human gingiva keratinocyte and fibroblast cell lines {#s004}
----------------------------------------------------------------------------

Two human gingiva KC cell lines and one human gingiva fibroblast cell line were used. Cell lines were used for experiments up to passage 50. Human gingiva KC cell line, OKG4/bmi1/TERT, was immortalized by expression of Telomerase Reverse Transcriptase (purchased from Rheinwald laboratory).^[@B29],[@B30]^ In our study, it is referred to as KC-TERT. Human gingiva KC were immortalized with the human papillomavirus type 16 as described previously (University Medical Center Freiburg) and are referred to in this study as KC-HPV.^[@B25],[@B31],[@B32]^ Both KC cell lines were cultured in KC medium as described above. The human gingiva fibroblast cell line was TERT immortalized (T0026, purchased from ABM) and referred to in this study as Fib-TERT. It was cultured in fibroblast medium as described above.

Culture of in vitro organotypic GEs {#s005}
-----------------------------------

GE consisting of a fully differentiated epithelium on a fibroblast-populated collagen hydrogel were constructed as previously described.^[@B4]^ Different GE were constructed by combining primary (GE-Prim) KC and fibroblasts or immortalized KC and fibroblasts (GE-TERT = KC-TERT + Fib-TERT; GE-HPV = KC-HPV + Fib-TERT). In short, a collagen solution was mixed with gingiva fibroblasts (1 × 10^5^ cells/mL) and pipetted into a six-well transwell insert with 0.4 μm pores (Corning). The fibroblast-populated hydrogels were cultured overnight submerged in fibroblast medium. KC (5 × 10^5^ cells/well) were then seeded on top and GE were cultured submerged in KC medium for 3 days. GE were then lifted to the air--liquid interface and cultured for a further 10 days in differentiation medium consisting of DMEM/Ham\'s F12 (3/1), supplemented with 1% Fetal Clone III, 1% penicillin--streptomycin, 2 μM hydrocortisone, 0.1 μM insulin, 1 μM isoproterenol, 10 μM carnitine (Sigma-Aldrich), 10 mM L-serine (Sigma-Aldrich), 0.4 mmol [l]{.smallcaps}-ascorbic acid (Sigma-Aldrich), and 2 ng/mL EGF. During this period, the differentiation medium was changed twice.

Cytokine secretion {#s006}
------------------

Cytokine secretion by fibroblasts: fibroblasts (1 × 10^5^ cells/well) were seeded in a six-well plate (Corning). The next day, the culture medium was refreshed with medium containing 0, 100, or 200 IU/mL rhTNF-α (Gentaur). Four hours later, the cells were washed with PBS and further cultured for 24 h in medium without rhTNF-α.

Cytokine secretion by KC: KC (2.5 × 10^5^ cells/well) were seeded in a six-well plate (Corning). The next day, culture medium was refreshed and KC were cultured, unstimulated, for a further 24 h.

Cytokine secretion by GE: GE in inserts were transferred to six-well plates containing 1.5 mL differentiation medium supplemented with 0, 100, or 200 IU/mL rhTNF-α and further cultured air exposed for 24 h.

All culture supernatants were harvested and stored at −20°C for later use.^[@B33]^

Full-thickness wound healing experiment on GEs {#s007}
----------------------------------------------

Full-thickness wounds (cold injury) were introduced into GE after 10 days culture at the air--liquid interface as described previously.^[@B33]^ Cold injury was applied with a metal device (length 2 cm; width 2 mm). This device was cooled to −196°C in liquid nitrogen and directly applied with gentle pressure to the GE for 10 s. After wounding, air-exposed culture was continued. Wound closure and soluble mediator secretion were analyzed at day 1, 3, and 7 after wounding. GE were given new culture media 24 h before collecting the supernatant for soluble mediator analysis at each time interval. For 7-day wounded GE, the culture medium was also refreshed at day 3 after wounding. Culture supernatants were stored at −20°C for analysis with enzyme-linked immunosorbent assay (ELISA).

Metabolic activity assay {#s008}
------------------------

Metabolic activity was analyzed using the MTT assay with biopsies (3 mm diameter) taken from wounded and unwounded parts of the GE and analyzed exactly as previously described in a 2 mg/mL MTT (Sigma-Aldrich) solution for 1 h.^[@B34]^ The biopsies were transferred to an isopropanol/33% HCL (3:1) solution for 24 h; hereafter, color intensity was measured at 570 nm.

Histology and immunohistochemistry {#s009}
----------------------------------

GE were fixed in 4% paraformaldehyde and processed for paraffin embedment. After rehydration, tissue sections (5 μm) were stained with hematoxylin and eosin (H&E) for histological examination or processed for immunohistochemistry (IHC) to study expression of specific proteins. For IHC, after antigen retrieval, sections were incubated for 1 h with mouse antibodies against human involucrin (Novocastra), K10 (Santa Cruz Biotechnology), K13 (Monosan), vimentin (Dako), or Ki-67 (Dako) as previously described.^[@B3],[@B4]^ Collagen type IV (Monosan) and laminin 5 (Dako) IHC were performed on cryosections without antigen retrieval. Hereafter, the sections were washed in PBS and incubated for 30 min with Envision (Dako), except for K13, which was incubated with PowerVision Poly-HRP (Leica Biosystems) for one hour. Next, the sections were incubated with AEC substrate for 10 minutes followed by hematoxylin staining. The microscopic slides were visualized and recorded with a Nikon Eclipse 80i. Contrast enhancement and quantification of reepithelialization on H&E sections were done with NIS-Elements software (Nikon Instruments Europe B.V.).

ELISA for cytokine production {#s010}
-----------------------------

In accordance with the manufacturer\'s specifications, cytokine CCL2, CXCL8, IL-1α, IL-6, and IL-18 ELISAs were performed using the culture supernatants as previously described.^[@B27],[@B35],[@B36]^ The required antibodies and recombinant proteins were supplied by R&D Systems, Inc., except for CXCL8, which was supplied by Sanquin.

Statistics {#s011}
----------

Statistical analysis was performed with the aid of GraphPad Prism, version 6 (GraphPad Software, Inc.). All data represent at least three individual experiments and were analyzed with the Kruskal--Wallis test (keratinocyte cytokine expression) or a two-way ANOVA followed by Sidak\'s multiple comparison (all other data). Differences were considered significant when *p* \< 0.05. Data are represented ± standard error of mean; \* = *p* \< 0.05; \*\* = *p* \< 0.01 \*\*\* = *p* \< 0.001.

Results {#s012}
=======

Comparison of immortalized gingiva cell lines with primary keratinocytes and fibroblasts {#s013}
----------------------------------------------------------------------------------------

To determine how far the immortalized cells represent the morphology of their primary cell counterpart, they were observed with phase contrast light microscopy. Typically, when cultured in a calcium containing medium, KC-Prim proliferate and partially differentiate forming compact colonies ([Fig. 1A](#f1){ref-type="fig"}).^[@B37]^ The KC-TERT formed colonies, which were indistinguishable from KC-Prim, whereas KC-HPV formed undifferentiated loose colonies with single cells migrating outside of the borders of the colony. The TERT-immortalized gingiva fibroblasts, Fib-TERT, grew as isolated spindle-shaped cells, which were indistinguishable from their primary cell counterpart Fib-Prim ([Fig. 2A](#f2){ref-type="fig"}).

![Morphology and cytokine secretion of TERT-immortalized gingiva keratinocytes are similar to primary gingiva keratinocytes. Primary and immortalized human gingiva keratinocytes grown under conventional submerged culture conditions. **(A)** Phase contrast images of primary (KC-Prim), TERT-immortalized (KC-TERT), and HPV-immortalized (KC-HPV) human gingiva keratinocytes. **(B)** Secretion of IL-1α, IL-18, and CXCL8 by gingiva keratinocytes into culture supernatants over a 24-h culture period. Results are from four individual donors for KC-Prim and six different passages between passage 30 and 50 for the immortalized gingiva keratinocytes KC-TERT and KC-HPV; \**p* \< 0.05; \*\**p* \< 0.01; Kruskal--Wallis test.](fig-1){#f1}

![Morphology and cytokine secretion of TERT-immortalized gingiva fibroblasts are similar to primary gingiva fibroblasts. Primary (Fib-Prim) and TERT-immortalized (Fib-TERT) human gingiva fibroblasts grown under conventional submerged culture conditions. **(A)** Phase contrast images of Fib-Prim and Fib-TERT. **(B)** Secretion of IL-6, CXCL8, and CCL2 into culture supernatants by Fib-Prim (*gray bars*) and Fib-TERT (*black bars*) exposed to rhTNF-α over 24 h. Data represent the average of at least three individual donors for Fib-Prim and four different passages of Fib-TERT between passage 20 and 30 ± SEM; \**p* \< 0.05; \*\**p* \< 0.01; two-way ANOVA for analysis of response to rhTNF-α exposure and Sidak\'s multiple comparison between Fib-Prim and Fib-TERT. SEM, standard error of mean.](fig-2){#f2}

Next, we investigated the ability of the immortalized cells to secrete cytokines. For gingival KC, the basal secretion of proinflammatory cytokines IL-1α and IL-18 and inflammatory cytokine CXCL8 was determined ([Fig. 1B](#f1){ref-type="fig"}). For all three cytokines, secretion by KC-Prim \>KC-TERT \>KC-HPV, although significant differences were only observed between KC-Prim and KC-HPV. For example, CXCL8 secretion by KC-HPV was 1000-fold lower than KC-Prim.

Since gingival fibroblasts are known to respond to proinflammatory cytokine TNF-α by secreting inflammatory mediators,^[@B4]^ we next investigated the dose-dependent increase in IL-6, CXCL8, and CCL2 secretion in response to TNF-α. Fib-TERT showed an identical dose-dependent increase in IL-6 and CXCL8 secretion to that observed with Fib-Prim ([Fig. 2B](#f2){ref-type="fig"}). However, while Fib-TERT showed a dose-dependent increase in CCL2 secretion (trend; *p* = 0.08), this was not observed with Fib-Prim. No differences were found between the cytokine secretion of Fib-Prim and Fib-TERT. Taken together, these results indicate that KC-TERT and Fib-TERT very closely resemble their primary cell counterpart when cultured under conventional submerged culture conditions. In contrast, KC-HPV showed significant differences compared to KC-Prim.

GEs constructed with TERT-immortalized cells closely resemble native gingiva {#s014}
----------------------------------------------------------------------------

Native gingiva consists of a differentiated epithelium on a fibroblast-populated (vimentin stained) lamina propria ([Fig. 3](#f3){ref-type="fig"}). The epithelium shows suprabasal expression of the differentiation markers involucrin, K10, and K13. The proliferation marker, Ki67, is expressed in the basal and first suprabasal cell layers. GE were constructed from primary and immortalized cells and compared to native gingiva. GE constructed with primary cells (GE-Prim) as well as TERT keratinocytes and fibroblasts (GE-TERT) very closely resembled native gingiva, although the deep rete ridges were absent in the collagen hydrogel model ([Fig. 3](#f3){ref-type="fig"}). In both GE-Prim and GE-TERT, a differentiated stratified epithelium on a fibroblast-populated collagen hydrogel was observed. Involucrin, K10, and K13 expression pattern was similar to that of native gingiva. The proliferation marker, Ki67, was confined to the basal layer. Basement membrane proteins collagen type IV and laminin 5 were expressed at the boundary between the epithelium and the collagen hydrogel layer similar to the native gingiva. In contrast to GE-Prim and GE-TERT, GE constructed with KC-HPV did not form a well-differentiated epithelium. A disorganized multilayer was formed, which lacked typical epithelial differentiation and showed only very low expression of involucrin, K10, and K13 protein and irregular suprabasal expression of proliferation marker Ki67 ([Fig. 3A](#f3){ref-type="fig"}). Interestingly, collagen type IV and laminin 5 were also intermittently expressed within the suprabasal epithelial layers ([Fig. 3B](#f3){ref-type="fig"}). These findings indicate that GE-TERT more closely represents healthy native gingiva and GE-Prim than GE-HPV does, and therefore, only GE-TERT was used in further comparative studies with GE-Prim.

![Full-thickness gingiva equivalents (GE) constructed entirely from cell lines closely represent the native gingiva tissue architecture. GEs were constructed from primary human gingiva keratinocytes and fibroblasts (GE-Prim) or either TERT (GE-TERT)- or HPV (GE-HPV)-immortalized keratinocytes with TERT-immortalized fibroblasts as described in the [Materials and Methods](#s002){ref-type="sec"} section. Figures are representative of at least three independent experiments. **(A)** Paraffin tissue sections (5 μm) were stained with hematoxylin and eosin (H&E) to visualize histology or immunohistochemically processed with antibodies directed against epithelial biomarkers (involucrin, K10, or K13), proliferation marker Ki-67, or the fibroblast biomarker vimentin (*red* immune staining). Scale bar represents 200 μm for the native gingiva biopsies and 100 μm for the GEs. **(B)** Immunohistochemistry of basement membrane proteins collagen type IV and laminin 5 on cryosections (5 μm). Scale bar represents 25 μm. Color images available online at [www.liebertpub.com/tec](www.liebertpub.com/tec)](fig-3){#f3}

GEs made with TERT-immortalized cells show an inflammatory response and reepithelialize after wounding {#s015}
------------------------------------------------------------------------------------------------------

Since GE-TERT very closely resembled the healthy native gingiva architecture, we next investigated whether the construct was able to respond to the proinflammatory cytokine TNF-α and compared this to GE constructed with primary cells. When TNF-α was added to the culture medium of the GE-Prim or GE-TERT, both models responded by increasing secretion of IL-6, CCL2, and CXCL8 in a dose-dependent manner and to the same extent ([Fig. 4](#f4){ref-type="fig"}).

![TERT-immortalized GE secrete inflammatory cytokines in response to rhTNF-α in a similar manner to GE constructed from primary cells. Primary (GE-Prim; *gray bars*) and TERT-immortalized (GE-TERT, *black bars*) human GEs were grown as described in the [Materials and Methods](#s002){ref-type="sec"} section and then cultured for 24 h in the presence or absence of different concentrations of rhTNF-α. Cytokine IL-6, CXCL8, and CCL2 secretion into culture supernatants was determined with ELISA. Data represent the average of three individual donors for GE-Prim and three different passages of immortalized cells between passage 30 and 50 ± SEM; \**p* \< 0.05; \*\**p* \< 0.01; two-way ANOVA for analysis of response to rhTNF-α exposure and Sidak\'s multiple comparison between GE-Prim and GE-TERT. ELISA, enzyme-linked immunosorbent assay.](fig-4){#f4}

To test the functional aspect of GE-TERT further, full-thickness cold injury wounds (width 3.6 mm ±1.5 mm \[SD\]) were introduced. The histology of the wounded area showed necrotic keratinocytes and fibroblasts (rounded nuclei), while the unwounded region of these same cultures remained similar to that of unwounded GE-TERT ([Figs. 3](#f3){ref-type="fig"} and [5A](#f5){ref-type="fig"}). Three days after injury, regenerating epithelium was seen underneath the dead keratinocyte layer on both sides of the wound. One week after injury, the wound had completely reepithelialized ([Fig. 5A, B](#f5){ref-type="fig"}). Fibroblast migration clearly lagged behind reepithelialization with repopulation of the entire collagen hydrogel occurring 7 days after wounding ([Fig. 5A](#f5){ref-type="fig"}). Wound closure in the GE-TERT was also assessed by restoration of metabolic activity (MTT assay). Metabolic activity was drastically decreased in the wounded area directly after wounding and returned to normal after one week, corresponding to the ingrowth of new well-differentiated epithelium and fibroblasts into the wounded area ([Fig. 5B](#f5){ref-type="fig"}).

![TERT-immortalized GE are functional in an *in vitro* wound-healing assay. Full-thickness freeze wounds were introduced into TERT-immortalized human GE and reepithelialization and fibroblast migration into the wound area as well as inflammatory cytokine secretion were assessed 1, 3, and 7 days after introducing the wound. **(A)** H&E staining of tissue sections derived from GE-TERT 1, 3, and 7 days after wounding. *Black arrow* indicates original wound edge; *dotted line* indicates the interface between the dead epithelial layer and the ingrowing epithelial layer. Inlay shows absence and repopulation of fibroblasts within the original wound in the collagen hydrogel. **(B)** *Upper panel*: Quantification of reepithelialization from the wound margins 1, 3, and 7 days after wounding. *Lower panel*; 3 mm diameter punch biopsies were obtained from the unwounded area (*gray bar*) and wounded area (*black bar*) of GE-TERT and analyzed with the MTT mitochondrial activity assay, which represents cell viability. **(C)** Cytokine secretion by unwounded (*gray bars*) and wounded (*black bars*) GE-TERT cultures. Culture supernatants were collected over a 24-h period between 0--1, 2--3, and 6--7 days after wounding and analyzed by ELISA. All figures represent the average of three independent experiments ± SEM; \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001; two-way ANOVA for response between days and Sidak\'s multiple comparison between unwounded and wounded areas/cultures. Color images available online at [www.liebertpub.com/tec](www.liebertpub.com/tec)](fig-5){#f5}

Since the GE-TERT could respond to proinflammatory cytokine TNF-α by secretion of inflammatory cytokines ([Fig. 4](#f4){ref-type="fig"}), we next investigated whether the GE-TERT could also initiate an inflammatory response after injury. In the first day after wounding a large increase in release of cytokines IL-6, CCL20 and CXCL8 were measured. There was less cytokine release during the third day, with only CXCL8 still being significantly increased compared to unwounded GE-TERT. After 1 week, when the wounds had reepithelialized, all cytokine levels had returned to the same basal levels as that of unwounded GE-TERT. CCL2 ([Fig. 5](#f5){ref-type="fig"}) and CCL5 release was not significantly increased after wounding (data not shown). Taken together, these results show that wounding the GE-TERT caused cell death in the affected area and an inflammatory cytokine release. Complete wound healing was observed within 7 days, coinciding with cytokine secretion and metabolic activity returning to prewounded levels.

Discussion {#s016}
==========

In this study, we describe a functional full-thickness human GE, which is constructed entirely from immortalized cell lines. The use of TERT-immortalized KC and fibroblasts resulted in GE, which are phenotypically very similar to the native tissue and are able to heal and secrete inflammatory cytokines in response to tissue injury *in vitro.* GE constructed with KC-HPV showed characteristics representative of squamous cell carcinoma (SCC), indicating that GE-HPV may be suitable as an oral mucosa tumor model.

We have shown that all three cell lines remain stable and functional until at least passage 50. The cells maintain their proliferative potential and notably the KC-TERT keep their ability to differentiate into a stratified epithelium. KC-TERT was able to secrete proinflammatory cytokines and Fib-TERT was able to respond to proinflammatory TNF-α in a similar manner to Fib-Prim by increasing secretion of inflammatory cytokines. Our results are in line with reports describing cytokine production in primary gingiva KC and fibroblast cultures.^[@B4],[@B38],[@B39]^ Notably, KC-HPV showed reduced cytokine secretion compared to primary KC, which is also in line with reports by others ^[@B40]^

The GE-TERT very closely represented its primary cell counterpart and native gingiva.^[@B1],[@B3],[@B5],[@B6]^ When KC-TERT was used for the construction of the organotypic model, it formed a multilayered epithelium with a clear transition from cuboidal to squamous cells. However, the characteristic rete ridges found in native gingiva were absent. This could be due to two reasons: (i) rete ridges are thought to be the result of mechanical forces *in vivo*, which are absent in the *in vitro* model^[@B44]^ and (ii) the fibroblast populated collagen hydrogel is poured in such a way that a smooth upper surface is created onto which keratinocytes are seeded. In future research, it may be possible to introduce mechanical forces to learn more about the rete ridge development. The stratified squamous epithelium of KC-TERT showed suprabasal expression of differentiation markers involucrin and keratins 10 and 13. Furthermore, the expression of collagen type IV and laminin 5 indicates that keratinocyte--fibroblast cross talk has occurred to result in deposition of basement membrane proteins.^[@B10]^ Clearly, TERT immortalization overcame the cell senescence of primary cells while at the same time maintaining the KC ability to differentiate and participate in basement membrane formation. When the GE-TERT was stimulated with TNF-α there was a dose-dependent increase in the release of inflammatory cytokines IL-6, CXCL8, and CCL2, indicating that the GE-TERT is able to respond to and maintain an immune response.^[@B4]^ The release of these cytokines was similar to that of the GE-Prim, again illustrating the similarity between primary gingiva cells and the TERT-immortalized cells. Furthermore, we could show that wounding the GE-TERT caused cell death in the affected area, which resulted in inflammatory cytokine release followed by wound closure. The use of GE-TERT rather than GE-Prim for the wound healing experiment highlights the benefit of using the well-characterized cell lines described in this article. Such large wound healing experiments require many cells making the use of primary gingiva cells not feasible due to the scarcity of gingiva biopsies, their small size, and frequent infected state. Taken together, the GE-TERT is a promising *in vitro* model to replace GE constructed from primary cells, which is reliant on a constant supply of fresh gingiva tissue.^[@B2]^

Recently, we described a full-thickness SE constructed from TERT-immortalized human skin cell lines (N/TERT-1 keratinocytes and hTERT BJ-5ta fibroblast), which, similar to the GE-TERT described in this study, also showed excellent physiological similarity to native skin and was able to exert an inflammatory response during wound closure.^[@B13]^ Different cytokine release profiles after wounding of oral or skin tissue have been suggested to be involved in the reduced scar formation observed in oral tissue.^[@B45]^ Studies comparing the cytokine release of human oral and skin tissue are scarce due to the limited availability of fresh biopsies for such experiments. However, recently we have shown in a comparative study that key cytokines regulating Langerhans cell migration from epithelium to dermis/lamina propria are indeed very different between gingiva and SE derived from primary cells, confirming essential differences in the innate immunology of the two tissues.^[@B4]^ The unique phenotype of oral mucosal fibroblasts and KC underlines the necessity to use tissue-specific cells for such comparative studies.^[@B15],[@B46],[@B47]^ In the future, the GE and SE constructed from tissue-specific TERT-immortalized cells will provide valuable physiologically relevant tools to investigate intrinsic differences in wound healing and innate immunology between these two tissues, bypassing the complicated logistics and ethics related to a steady supply of fresh biopsies to the research laboratory. In addition, the GE-TERT cells used in this study would make a logical model for studying *in vitro* oral implant material interactions since the gingiva is in direct contact with the material *in vivo.*^[@B48]^

In contrast to the GE-TERT, which closely represented the healthy native tissue, the disorganized appearance and the lack of flattened differentiated cells in the epithelium of the GE-HPV more closely represented SCC morphology. HPV is indeed associated with oral SCC in patients,^[@B49]^ and HPV-immortalized oral KC have previously been used to investigate SCC.^[@B17]^ In line with our findings, GE incorporating these HPV-immortalized oral KC also showed a lack of typical gingival epithelial differentiation. It was shown that the disorganized epithelial morphology found in the GE-HPV is comparable to SCC development. Furthermore, Oda *et al.* found an invasion of the HPV-immortalized KC into the collagen hydrogel, which further strengthens the resemblance to SCC.^[@B17]^ Indeed we observed depositions of basement membrane proteins collagen type IV and laminin 5 forming within the epithelium of our GE-HPV, and a striking absence of a basement membrane between the epithelium and collagen hydrogel (in contrast to GE-Prim and GE-TERT). Using the same KC-HPV as we used, but in combination with primary gingiva fibroblasts, Roesch-Ely *et al.* also found reduced K13 expression and reduced squamous differentiation in their GE model.^[@B25]^ However, in contrast to our findings, these authors described expression of the differentiation markers K10 and involucrin. Taken together, these findings clearly indicate a reduced ability of the KC-HPV to differentiate and the resemblance of the GE-HPV to SCC development. The reduced cytokine expression of the KC-HPV might appear to be counterintuitive for SCC. However, the elevated cytokine expression of SCC *in vivo* has been suggested to be a result of the tumor--host interaction.^[@B42]^ HPV-infected KC actually show reduced expression of inflammatory cytokines.^[@B40]^ The reduced inflammatory response contributes to the inability of the immune system to clear the HPV infection.^[@B52]^ The failure to clear the infection is one factor leading to SCC *in vivo.* The GE-HPV described in this study is therefore a possible model to investigate SCC development *in vitro* without the requirement of fresh biopsy material.

In conclusion, we demonstrated that immortalized human gingiva keratinocytes and fibroblasts can be used to make physiologically relevant GE, which resemble either the healthy gingiva or oral SCC development. Since all three of the gingiva cell lines are available for research purposes by the suppliers, it will be possible to transfer the technology to other laboratories that have relevant cell and tissue culture expertise. These organotypic 3D models will provide valuable tools to investigate oral mucosa biology and can also be used as an animal alternative for drug targeting, vaccination studies, microbial biofilm studies, and testing new therapeutics.
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